Introduction
Paget's disease ofbone represents the most flagrant example of disordered bone remodeling (1) (2) (3) (4) with the primary and fundamental abnormality residing in the osteoclast. This conclusion is based on the following observations: (a) Morphologic studies have demonstrated that abnormal osteoclasts are present in pagetic bone (5, 6) . These osteoclasts are enormous in size (average number of nuclei 20, compared with three to four for normal osteoclasts) and have greatly increased numbers of folds in their cytoplasmic membranes, reflecting their abnormally increased surface activity and motility (7) . (b) Viral nuclear inclusions, viral antigens and viral transcripts have been reported in these osteoclasts (8) (9) (10) (11) (12) (13) (14) , suggesting a possible viral etiology for Paget's disease. In contrast, osteoblast morphology appears normal. (c) Treatment of Paget's patients with calcitonin or bisphosphonates, osteoclast-specific agents, reverses the abnormal bone turnover present in this disease (15) (16) (17) . Although Paget's disease appears to be a primary disease of osteoclasts, little information is available on the functional abnormalities present in pagetic osteoclasts that may be responsible for the enhanced bone turnover seen in these patients.
Since mature osteoclasts from patients with Paget's disease are not readily accessible to study in vitro, we have used longterm human marrow cultures which form multinucleated cells (MNC)' expressing the osteoclast phenotype (18) (19) (20) (21) to define the functional abnormalities present in osteoclast precursors from these patients and to characterize the MNC formed in these cultures. Approximately 50% of the MNC formed in long-term marrow cultures from normal individuals express the following osteoclast characteristics: (a) MNC formation is stimulated by osteotropic hormones such as 1,25(OH)2 vitamin D and parathyroid hormone (PTH) and is inhibited by calcitonin (20, 21) . (b) The MNC react strongly with the monoclonal antibody 23c6 developed against human osteoclastoma cells, which preferentially binds to osteoclasts in bone biopsies (19, 22) . (c) The MNC formed resorption lacunae when cultured on sperm whale dentine (20) . (d) The MNC contract in response to calcitonin, a unique feature of mammalian osteoclasts (20) . These characteristics distinguish these MNC from the other nonosteoclastic MNC present in marrow cultures.
In this report we demonstrate that the MNC with the osteoclast phenotype formed in cultures of marrow from patients with Paget's disease are distinctly different from MNC with the osteoclast phenotype formed in normal marrow cultures. Further, we report that MNC formation from marrow obtained from uninvolved bone of Paget's patients also displays these abnormal features. These data suggest that either Paget's disease represents a generalized disorder of osteoclasts, or that a systemic factor may be present in patients with Paget's disease that can affect osteoclast precursors in sites not involved with Paget's disease. Culture of bone marrow cells. After obtaining informed consent, bone marrow was aspirated from the posterior iliac crest of 10 normal subjects and six patients with Paget's disease. Marrow aspirates were taken from areas that were either clinically involved (n = 3) or not clinically involved (n = 3) with Paget's disease at the time ofsampling. The degree ofiliac crest involvement had been previously documented by bone scan and x-ray techniques. All Paget's patients had elevated serum alkaline phosphatases. Marrow mononuclear cells were obtained by density gradient centrifugation on Hypaque-Ficoll as previously described (20) . The cells were washed twice with aMEM and cultured in aMEM containing 20% horse serum at 106 cells/ml in 24-well plates (0.5 ml/well) in the presence or absence of 1,25(OH)2 vitamin D (I 0-l1-l0-8 M), PTH (10-100 ng/ml) or calcitonin (0.1-I U/ml). All cultures were maintained in a humidified atmosphere of4% C02-air at 370C. Cultures were fed weekly by removing one-half the volume and replacing with fresh media. The normal marrow cultures were maintained for 3 wk and the Paget's marrow cultures were maintained for 2 or 3 wk. At the end of the culture period, the cells were fixed in 1% formaldehyde and then immunocytochemical staining was performed with the 23c6 monoclonal antibody by using a Vectastain ABC-AP kit as previously described (19) . The nuclei were counterstained with 1% methylgreen. Cells containing three or more nuclei were scored as MNC using inverted phase microscopy.
Determination oftartrate-resistant acid phosphatase activity. Marrow cells from patients with Paget's disease or normals were cultured on Lab Tek slides in the presence of 1 ,25(OH)2 vitamin D (10-8 M) for 3 wk. At the end of the culture period, the cells were fixed and stained for tartrate-resistant acid phosphatase activity as previously described (18) . After staining the slides were examined using an image analysis system composed of an Olympus microscope, a Panasonic CCD camera and Cue-2 image analysis software (Dexter Instruments, San Antonio, TX) and the area of the cells determined. The intensity of staining was determined per square micrometer in 100 multinucleated cells from both normal and pagetic marrow cultures, and the mean±SEM for absorbance per square micrometer was determined. The percent of light absorbed was calculated by subtracting the percentage of the light transmitted per square micrometer through the cell from 100. 100% light transmission was calibrated on cells that were negative for tartrate resistant acid phosphatase in the same cultures.
Ultrastructural studies. Paget's marrow cells were cultured for 2 or 3 wk and normal marrow cells for 3 wk in the presence of 1,25(OH)2 vitamin D (10-8 M) as described above. The cells were then fixed in a modified Karnovsky's solution containing 1% paraformaldehyde and 1.5% glutaraldehyde in 0.1 M of cacodylate buffer pH 7.4 for 90 min at 4°C. The cells were subsequently post-fixed in 1% osmium tetroxide and processed as previously described (18) . The sections were then examined for their ultrastructural characteristics using a JEOL 1OOCX electron microscope (JEOL USA, Peabody, MA) at an operating voltage of 60 kV.
Dentine resorption studies. Bone marrow cells from pagetic patients or normals were cultured in Lab Tek slides for 3 wk in the presence of 1 ,25(OH)2 vitamin D (10-8 M) . For the last week of culture, a small piece of sperm whale dentine was placed over the cultures and the cultures maintained for an additional week. The sperm whale dentine was generously supplied by Dr. Alan Boyde (University College, London, England). After the culture period was completed, the dentine was removed, fixed, and sputtered coated with gold-palladium for scanning electron microscopy as described by Boyde et al. (23, 24) , except that treatment of the specimens with hexamethyldisilizane for 5 min was used instead of critical point drying.
Statistical analysis. Data was compared by a two-way analysis of variance for repeated measures. Results are reported as the mean±SEM for four cultures.
Results
Multinucleated cell formation in cultures of marrow from patients with Paget's disease after 3 wk ofculture was 10-20-fold greater than seen normally in human marrow cultures (Fig. 1) and 90 nuclei per cell. X250. average number of nuclei/MNC were significantly increased in marrow cultures of Paget's patients. This occurred regardless if the marrow was obtained from bone involved or uninvolved with Paget's disease, although the range for nuclear number was not as great in marrow obtained from sites not involved with Paget's disease (Table II) . In addition, tartrate-resistant acid phosphatase activity was significantly increased (P < 0.01) in MNC formed in pagetic marrow cultures compared to normal (Table II) . The percentage of MNC in marrow cultures from Paget's disease patients that reacted with the monoclonal antibody 23c6 which identifies osteoclasts was consistently greater than that seen with normal marrow. In cultures treated with 1,25(OH)2 vitamin D (10-0 M), 71±7% (range 60-96%) of MNC from Paget's marrow cultures reacted with 23c6 compared to 58±7% (range 45-60%) of MNC from normal marrow cultures. However, because of the large variation from culture to culture, these differences did not achieve statistical significance.
The rate of MNC formation was also increased in marrow cultures from patients with Paget's disease regardless of whether the marrow was obtained from involved or uninvolved sites. MNC formation in marrow cultures from Paget's diseased patients occurred by the end of the first week of culture, was maximal after 2 wk of culture and declined by 3 wk of culture in the presence of 1,25(OH)2 vitamin D (10' M) (Fig. 3) . This decrease in MNC formation at 3 wk in the presence of 1,25(OH)2 vitamin D resulted from a loss of MNC that detached from the culture plate. In contrast, normal marrow multinucleated cell formation was maximal by 3 wk ofculture (Fig. 3) . MNC formation in cultures of marrow from patients with Paget's disease in the absence of osteotropic factors was maximal at 3 wk ofculture and was similar to the rate ofMNC formation in normal marrow cultures stimulated with osteotropic factors (data not shown).
MNC from pagetic marrow cultures formed resorption lacunae on sperm whale dentine. As seen in Fig. 4 , large lacunae were formed by MNC from these cultures.
Ultrastructural studies showed marked differences in the MNC formed in marrow cultures from patients with Paget's disease compared with normal. Overall, MNC from marrow cultures of Paget's patients contain a pattern of intracellular elements that were consistent with a heightened metabolic activity, e.g., increased myelinoid membranes and myelin figures, liposomes, osmiophilic lipid debris, etc. Further, nuclear bodies were present in the nuclei of MNC from marrow cultures obtained from involved sites of Paget's patients (Fig. 5 B) . No nuclear bodies were seen in normal marrow MNC (Fig. 5   A) . Other MNC formed in cultures of marrow from Paget's patients contained nuclear bodies. These nuclear bodies appeared similar to those that have been reported before in highly activated cells (27, 28) . The nuclear inclusions in the pagetic MNC were not similar to the viral particles that have been reported in pagetic osteoclasts (9-12), since they did not cross-react with viral-specific antibodies against the respiratory syncytial virus or measles virus (data not shown). The increased levels of tartrate-resistant acid phosphatase in these MNC are consistent with these MNC being more activated than MNC from normals.
Our data suggest that Paget's disease affects osteoclast precursors as well as mature osteoclasts. However, we were unable to detect viral material in MNC formed from Paget's marrow. These observations are consistent with ultrastructural studies of pagetic bone. Intranuclear viral inclusions have only been reported in mature osteoclasts and not in mononuclear cells (7) (8) (9) (10) . Since MNC formed in marrow cultures are formed from mononuclear precursors, we expected that MNC formed in vitro from Paget's marrow might lack viral nuclear inclu- sions. Among the possible explanations for these findings are that the viral infection of pagetic osteoclasts is a late event which occurs only in the mature osteoclast and not in its mononuclear precursors, or that the marrow culture conditions we employed were not permissive for expression of the virus.
In conclusion, MNC formed from mononuclear bone marrow precursors from patients with Paget's disease resemble authentic osteoclasts, e.g., multinucleation, tartrate-resistant acid phosphatase activity, appropriate responses to osteotropic factors, resorption of calcified matrices and cross-reactivity with a monoclonal antibody that preferentially binds to osteoclasts. These MNC were distinctly different from MNC formed in normal marrow cultures, but expressed similar features to those reported for pagetic osteoclasts present in bone.
